Umami is a characteristic taste that is qualitatively different from sweet, salty, sour, and bitter. The umami taste is stimulated by compounds including the amino acids, L-glutamate and L-aspartate, and the 5 0 -ribonucleotides, inosine 5 0 -monophosphate (IMP) and guanosine 5 0 -monophoshate (GMP). These compounds exist naturally as mono-or di-sodium salts in meats, vegetables, and dairy products.
Recently, candidates for umami receptors have been identified in taste cells, but the precise transduction mechanisms of the downstream receptor remain unknown. To investigate how intracellular Ca 2þ increases in the umami transduction pathway, we measured changes in intracellular Ca 2þ levels in response to umami stimuli monosodium glutamate (MSG), IMP, and MSG + IMP in mouse taste receptor cells (TRCs) by Ca 2þ imaging. Even when extracellular Ca 2þ was absent, 1/3 of umami-responsive TRCs exhibited increased intracellular Ca 2þ levels. When intracellular Ca 2þ was depleted, half of the TRCs retained their response to umami. These results suggest that umamiresponsive TRCs increase their intracellular Ca 2þ levels through two pathways: by releasing Ca 2þ from intracellular stores and by an influx of Ca 2þ from extracellular sources. We conclude that the Ca 2þ influx from extracellular source might play an important role in the synergistic effect between MSG and IMP.
Key words: taste; umami; taste receptor cell; Ca 2þ imaging; signal transduction Umami is a characteristic taste that is qualitatively different from sweet, salty, sour, and bitter. The umami taste is stimulated by compounds including the amino acids, L-glutamate and L-aspartate, and the 5 0 -ribonucleotides, inosine 5 0 -monophosphate (IMP) and guanosine 5 0 -monophoshate (GMP). These compounds exist naturally as mono-or di-sodium salts in meats, vegetables, and dairy products. [1] [2] [3] [4] When amino acids and 5 0 -ribonucleotides are both present in food, the umami taste intensity is synergistically enhanced, and the umami taste threshold is dramatically lowered. 5, 6) This characteristic taste-enhancing effect is a hallmark of the umami taste in humans and some mammals. 7) Dogs, monkeys, and certain strains of mice, but not rats, display umami taste characteristics similar to humans. 8) Recently, studies have focused on the identification of the taste receptors for the umami compounds. Three putative GPCRs for glutamate have been identified: taste-mGluR1, 9) taste-mGluR4, 10, 11) and the amino-acid receptor T1R1 + T1R3 heterodimer. 12, 13) mGluR1 is a group-1 metabotropic glutamate receptor (mGluR) primarily associated with increased phosphoinositide hydrolysis. 14, 15) mGluR1 mRNA is present in rat gustatory papillae. 9) mGluR4 is a group-3 mGluR involved in adenylyl cyclase inhibition. Chaudahari et al. cloned a subtype of mGluR4, which they termed ''taste-mGluR4,'' from rat foliate and circumvallate papillae.
11) Taste-mGluR4 is a truncated variant of mGluR4, lacking approximately half of the receptor's extracellular N-terminus. Taste-mGluR4 binds glutamate in the millimolar range, which is consistent with the concentrations known to elicit the umami sensation. When coexpressed in HEK293 cells, T1R1 and T1R3 respond to most of the 20 L-amino acids, including L-glutamate. This response is enhanced by 5 0 -ribonucleotides, the characteristic substrate for the umami taste, 12, 13) but the precise transduction mechanisms of the downstream receptor are still unknown.
In this study, to investigate the precise transduction pathway of umami, we used Ca 2þ imaging of isolated mouse circumvallate and foliate TRCs to investigate responses to MSG alone, IMP alone, and to a mixture of MSG + IMP. Furthermore, in order to examine the participation of intracellular Ca 2þ stores in the umami transduction pathway, we examined umami responses under extracellular Ca 2þ -free and intracellular Ca 2þ -depleted conditions.
Materials and Methods
Animals. Female C57BL/6J Jms Slc mice (7-10 weeks old, 20-25 g) were obtained from Japan SLC. (Hamamatu, Japan). The animals were housed at 3-4 per cage at the Kyoto University Animal Care Facility. They were provided with standard mouse chow and tap y To whom correspondence should be addressed. Fax: +81-774-38-3749; E-mail: yhayashi@kais.kyoto-u.ac. The umami taste stimuli, such as MSG and IMP, were dissolved in Ringer's solution. Thapsigargin (1 mM) was prepared in dimethyl sulfoxide (DMSO) and added to the Ringer's solution at a final concentration of 1 mM. Fluo-4 AM was prepared in DMSO and dissolved in Ringer's solution to make a 3 mM solution.
Isolation of taste cells. Taste cells were isolated from the tongues of 7 to 10-week-old female mice of the C57BL/6J strain, which is umami-sensitive and shows the characteristic synergism of MSG and IMP.
7) The mice were sacrificed by cervical dislocation, and their tongues were removed immediately. After they were washed with divalent cation-free Ringer's solution, 1.0 ml of Ringer's solution, which contains collagenase (2.5 mg/ml), elastase (2 mg/ml), trypsin inhibitor (2 mg/ml), 14 mM DNase, and 10 mM amiloride, was injected under the tongue epithelium with a thin needle. After incubation at 31 C, (continuously bubbled with 95% O 2 and 5% CO 2 for 10-15 min), the epithelium was peeled away from the underlying muscle. The epithelium was rinsed with Ringer's solution, placed upside down, and stored at 4 C in Ringer's solution. The individual cells were aspirated from the circumvallate and foliate papillae using a glass capillary. The cells were plated on concanavalin A-coated glass-bottomed dishes and allowed to settle.
We used cells isolated from the circumvallate and foliate papillae. Since many cells other than TRCs are contained there, the TRCs and other cells are undistinguishable. Therefore, we defined those cells that responded to the depolarization stimulus as TRCs, because TRCs make synapses with the taste nerves and possess excitability.
Intracellular Ca
2þ measurement. The isolated cells plated in the concanavalin A-coated dishes were loaded with the cell-permeable, Ca 2þ -sensitive, fluorescent dye Fluo-4 AM (3 mM) for 20 min, and then washed in Ringer's solution. The Fluo-4-loaded cells were excited at 488 nm using an argon laser attached to an Olympus Fluoview FV300 scanning confocal microscope. They were viewed using a 20x water-immersion objective, and confocal images were collected at 6-s intervals and processed with Fluoview software (Olympus, Tokyo). Since Fluo-4AM is a non-ratiometric Ca 2þ indicator, the intracellular Ca 2þ changes were depicted as relative fluorescence changes ÁF=F ¼ ðF À F 0 Þ=F 0 where F 0 , the resting fluorescence, was determined at the beginning of each experiment by averaging 10 images. A response was defined when peak ÁF=F increased ! 10% from the previous fluorescence image during perfusion with the stimulating solution.
The cells were bathed in Ringer's solution until the resting intracellular calcium levels had stabilized, and then were perfused with Ringer's solution containing the umami stimuli (10 mM MSG, 0.5 mM IMP, or a mixture of 10 mM MSG + 0.5 mM IMP) for 90 s. The cells were also perfused with Ca 2þ -free Ringer's solution and Ringer's solution containing 1 mM thapsigargin for 15 min. Washes were done with Ringer's solution between stimulations until the intracellular Ca 2þ levels again reached pre-stimulus levels. With a recording dish volume of approximately 1 ml, the flow rate was 3 ml per min. All experiments were performed at room temperature.
Results

Selection of taste receptor cells
A taste bud consists of TRCs (Fig. 1A) and other supporting cells. TRCs make synapses with the taste nerves and possess excitability; as excitable cells, they are depolarized by a high extracellular potassium concentration, which is followed by the opening of Ca 2þ channels and a subsequent increase in intracellular Ca 2þ levels. TRCs have been reported to respond to a depolarization stimulus. [16] [17] [18] We measured intracellular Ca 2þ changes in taste cells in response to a high K þ solution (60 mM). According to the Nernst equation, a change in the extracellular [K þ ] from 5 to 60 mM is expected to depolarize TRCs by about 60 mV. The intracellular Ca 2þ levels of some cells did increase under depolarizing conditions (Fig. 1B and C) , but the intracellular Ca 2þ levels of other cells did not ( Fig. 1C  and D) . We distinguished cells with an excitatory response (TRCs) from non-TRCs. Approximately 3% of cells isolated from the circumvallate and foliate papillae containing taste buds responded to the depolarization stimulus.
Responses of intracellular Ca
2þ levels to MSG and IMP First we examined the responses to MSG and MSG + IMP. MSG (10 mM) increased intracellular Ca 2þ levels in 40% of TRCs (n ¼ 51=127) ( Fig. 2A and B) and a mixture of MSG (10 mM) + IMP (0.5 mM) also elicited an increase in intracellular Ca 2þ levels (44%, n ¼ 31=70) (Figs. 2C and D) . Only 20% of MSG-responsive TRCs responded to 0.5 mM IMP as well (n ¼ 5=25) ( Fig. 2A and B) . In contrast, all IMP-responsive TRCs responded to MSG (n ¼ 5=5) (Fig. 2B) . Furthermore, MSG-responsive TRCs always responded to the mixed stimulus (Fig. 2C) . We also observed that some TRCs (n ¼ 5=31) responded only to the mixture (Fig. 2D) .
Umami responses under extracellular Ca
2þ -free conditions Ringer's solution was exchanged with Ca 2þ -free solution, thus removing Ca 2þ from the extracellular space. Among the TRCs responsive to MSG in the presence of 1 mM Ca 2þ , 35% (n ¼ 8=23) retained their responsivity in its absence; the remainder were unresponsive ( Fig. 3A and B, Table 1 ). In contrast, only 10% (n ¼ 2=21) of TRCs responsive to MSG + IMP in the presence of Ca 2þ remained active in its absence ( Fig. 3C and E, Table 1 ). There was no significant difference in these percentages between TRCs isolated from the circumvallate and foliate papillae (MSG, p ¼ 0:68; MSG + IMP, p ¼ 1, Fisher's extract probability).
Since many TRCs did not respond to the umami stimuli under Ca 2þ -free conditions, extracellular Ca 2þ must play a role in intracellular Ca 2þ signaling during the transduction of umami signals.
Umami responses under intracellular Ca 2þ -depleted conditions
After the TRCs were stimulated by umami stimuli, they were exposed to 1 mM thapsigargin for 15 min. The TRCs were then presented once more with the umami stimuli. During thapsigargin exposure, the intracellular Ca 2þ level gradually increased in most of the TRCs. Half of the TRCs (n ¼ 9=18) that had responded to MSG lost the response after thapsigargin treatment (Fig. 4A and B, Table 1); the remainder retained their responsiveness. On the contrary, only 15% of the TRCs (n ¼ 3=20) that had responded to MSG + IMP lost their response to the combined stimulus after thapsigargin 
Discussion
In this study, cells responding to the depolarization stimulus were defined as TRCs, and responses to umami stimuli were examined, including MSG alone, IMP alone, and a mixture of MSG and IMP in the TRCs. The TRCs in this study had voltage-gated Ca 2þ channels. Depolarization activates these channels. It is thought that umami stimuli initially depolarize taste cells through resting K þ conductance inhibition, or increases in the conductance of the Na þ channel or other cation channels.
To investigate the intracellular Ca 2þ increase mechanisms in the umami transduction pathway, we examined umami responses under extracellular Ca 2þ -free and intracellular Ca 2þ -depleted conditions. Upon our removing extracellular Ca 2þ or depleting intracellular Ca 2þ , some TRCs lost their responsiveness to umami, suggesting that umami transduction generally requires an influx of Ca 2þ from extracellular sources and intracellular stores. We believe that an influx of Ca to MSG + IMP was drastically different: 90% of MSG + IMP responsive TRCs lost their responsiveness when the extracellular Ca 2þ was removed, whereas only 15% of MSG + IMP responsive TRCs did so in response to intracellular Ca 2þ depletion. This suggests that the synergistic effect is much more dependent upon the influx of Ca 2þ from extracellular sources. Recently, calcium recording of a sliced mouse taste bud suggested that the umami responses were dependent only on intracellular Ca 2þ stores via PLC2. 19) Activation of PLC2 is known to produce IP 3 and DAG from PIP 2 . IP 3 acts on the IP 3 receptor at the endoplasmic reticulum, followed by Ca 2þ release from intracellular stores. On the other hand, in view of behavioral tests and nerve recordings using Trpm5 knockout mice, it was suggested that there are multiple umami transduction mechanisms that constitute Trpm5-dependent and Trpm5-independent pathways. 20) Trpm5 is a Ca 2þ -activated cation channel expressed selectively in taste cells [21] [22] [23] [24] that is co-expressed with PLC2. 25) PLC2 would lead to Ca 2þ release from intracellular stores, which in turn would activate Trpm5. The result from Trpm5 knockout mice suggests the existence of a pathway that does not pass through IP 3 , produced by PLC2. The possibility remains that another pathway via DAG produced by PLC2 participates of consideration.
As mechanism besides the PLC2 that increases intracellular Ca 2þ levels, a mechanism throughgustducin is worthy. The involvement of -gustducin has been demonstrated by behavioral tests and nerve recordings using -gustducin knockout mice.
26) The candidate umami receptor T1R1 + T1R3 is co-expressed with -gustducin in murine fungiform and circumvallate taste buds, and the expression pattern of T1R1 mRNA that overlaps with -gustducin is broader in the fungiform papillae than in the circumvallate papillae. 27) Moreover cAMP levels were decreased by umami stimuli in rat circumvallate epithelia, 28) and 8-bromo cAMP, a membrane-permeable cAMP analog, abolished responses to umami stimuli in rat fungiform TRCs. 29) Taken together, these reports suggest thatgustducin might be the -subunit activated by T1R1 + T1R3, and that -gustducin might activate PDE. Our results support the existence of multiple umami transduction mechanisms. Thus, since a common opinion as to the umami transduction mechanism does not exist, further precise study is necessary.
There are several possible reasons for the differing results from the report using a sliced mouse taste bud. First of all, the concentration of 10 mM for MSG was a threshold in the case of calcium imaging using Calcium Green-1 dextran as the Ca 2þ indicator, 19) although the threshold for mice was less than 10 mM in gustatory neural responses. 30) Using Fluo-4 as a Ca 2þ indicator, the response of 10 mM MSG was detectable, and this concentration is suitable for focusing synergism effects by nucleotides. The Ca 2þ indicators might give rise to critical differences. Secondary, we performed Ca 2þ imaging in dispersed taste cells using a perfusion system. This system could not localize the stimulus solution to the apical aspects of the taste cells. Therefore, the data obtained reflect not only the response to glutamate, as in the umami taste, but also responses to glutamate acting as a neurotransmitter at the basal site of the TRCs. Third, we selected the depolarization cell as a TRC. Additional investigation is needed to make clear the reason for these differences.
A subset of TRCs showed an increase in intracellular Ca 2þ levels in response to umami stimuli. Some TRCs were observed to respond to IMP alone. Responses to 5 0 -ribonucleotides such as IMP and GMP have been observed in the rodent gustatory nerve 7, [30] [31] [32] [33] and isolated rat TRCs, 29) but candidates for the umami receptor, T1R1 + T1R3 and taste-mGluR4, have not demonstrated IMP-induced responses. 10, 12, 13) Although at present it is not known whether an IMP receptor exists in the apical membrane in taste cells, these results suggest that a mechanism for IMP detection might exist.
This study shows that TRCs isolated from mouse circumvallate and foliate papillae increase intracellular Ca 2þ levels following umami stimuli, and that the mechanism of intracellular Ca 2þ level increase comprises two pathways: the release of Ca 2þ from intracellular stores and the influx of Ca 2þ from extracellular sources. In regard to the synergistic effect, the influx of Ca 2þ from extracellular sources might play an important role in its transduction. We could not distinguish the Ca 2þ influx induced by umami stimuli from the secondarily Ca 2þ influx through the voltage-gated Ca 2þ channels. Further study using Ca 2þ channel blockers like nifedipine 17) will be required to determine the importance of Ca 2þ inflow on umami transduction.
